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Abstract 
In this paper, the influence of a post-machining thermal treatment (PMTT) on the corrosion behaviour of copper was investigated in 
a salt fog atmosphere. The corrosion behaviour was affected by the presence of a high density of grain boundaries generated during 
machining or dislocations formed during PMTT under certain conditions. The obtained results showed that it is possible to find 
PMTT conditions to cancel changes induced by machining and that the critical factor leading to a sharp increase of the percentage 
of oxidized surface seems to be the density of dislocations near the machined surface. 
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1. Introduction 
One of the great challenges of modern machining 
industries is to optimize surface finish for the increase of 
the performance of machined workpieces [1]. The term 
“surface finish” refers to the surface (roughness for 
example) and sub-surface (texture, microstructure and 
residual stress/strain fields for example) characteristics 
modified by machining. 
Numerous experimental studies have quantified the 
influence of cutting parameters on the surface and sub-
surface characteristics of metallic alloys [2-9]. In 
addition, numerical studies adopting generally a finite 
element method approach have attempted to predict the 
evolution of some characteristics during machining. This 
is the case of the stress field [10-13]. 
By contrast, only a few experimental investigations 
have been carried out to study the performance of 
workpieces machined under different cutting conditions. 
This includes the mechanical behavior [14-17] and the 
resistance to crack initiation and propagation [18] under 
external loading. It also includes the corrosion behavior 
in the presence of an aggressive environment. In this 
domain, studies have mainly been performed on pure 
copper [19-22]. 
Only a few works were devoted to the application of 
post-machining thermal treatments (PMTT) to ensure 
high performances of machined workpieces [23]. In this 
paper, the influence of PMTT on the corrosion behavior
of machined copper was investigated in a salt fog 
atmosphere. 
2. Experimental 
2.1. Material and samples 
Experiments were conducted on copper OFHC 
(oxygen free high conductivity) with high purity (greater 
than 99.99%). During machining, this material does not 
show any phase transformation. After casting, the rolled 
bar underwent a heat treatment at 400 °C for two hours 
(relaxation process). The grain size of the native 
microstructure was about 50 μm. Cylinders (80 mm in 
diameter and 20 mm in height) were designed from this 
bar. 
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2.2. Machining and PMTT 
Superfinish turning was used to control surface 
characteristics of cylinders. Prior machining was first 
performed to get smooth surfaces. This ensures the 
material remains dimensionally stable and the depth of 
cut is constant during superfinish turning. Note that 
between prior machining and superfinish turning, 
cylinders were not removed from the chuck. Superfinish 
turning was performed under external cylindrical turning 
conditions. Experimental conditions are: tool nose radius 
of 0.4 mm, feed rate of 0.075 mm rev-1, cutting speed of 
138 m min-1, feed rate of 0.05 mm and no lubrication. 
PMTT consisted in heating machined samples at high 
temperature under secondary vacuum (10-5 mbar). Two 
sets of machined samples were prepared at 350 °C for 1 
hour and at 450 °C for 2 hours. 
2.3. Surface topography 
Surface topography was quantified using an optical-
reflecting profilometer (AltiSurf 500 white light 
equipment from Cotec having a dynamic range of 50 
nm–300 μm). Line scans (3 mm in length by step of 0.5 
μm, at 50 μm s-1) were plotted on the surfaces. Profiles 
were then rectified using a least-square method. This 
was done using the Mountains software package. The 
parameter Rz was calculated after applying a Gaussian 
filter of 0.8 mm. The values of Rz reported in this paper 
were an average of three measurements (the error was 
the standard deviation). 
2.4. Microhardness tests 
Mechanical changes in depth were quantified on the 
cross-section surfaces (after mirror finishing) using low-
load Vickers micro-indentation hardness testing 
(Micromet 5114 with Omninet image acquisition and 
analysis software from Buehler). The load (10 gf) was 
applied for 10 seconds. Indents were in the 6-8 μm size 
range. These small indents were measured after the load 
was removed using a u100 (brightfield) objective with a 
numerical aperture of 0.9. A 50 W halogen illuminator 
with adjustable aperture diaphragm was used to fully 
illuminate the specimen. The microhardness value 
reported in this paper for each sample was an average of 
8 measurements (the error was the standard deviation). 
2.5. X-ray diffraction (XRD) measurements 
The crystallographic orientation of machined surfaces 
was determined in air using a X-ray T/T type goniometer 
(D8 Discover with a general area 2D detector diffraction 
system from Bruker AXS) on the {220}, {111} and 
{200} planes. The X-ray beam was focused using an 
aperture slit (diameter of 500 μm). The maximum of the 
orientation distribution function ODFmax and the texture 
index F2 (integral over squared ODF values) were 
calculated from pole figures using the LaboTex software 
package from LaboSoft SC [24]. 
2.6. Corrosion tests 
Samples were exposed for 1500 hours to a salt-fog 
atmosphere generated from 0.1 M NaCl solution with a 
pH of 6.5. To check the reproducibility of the results 
from corrosion tests, two identical samples (machined 
and heat treated under the same conditions) were 
considered. They were located far away from each other 
inside the chamber. This means that 6 samples were 
exposed to the salt-fog atmosphere. Salt-fog was 
generated by an ultrasonic humidifier and injected from 
the top of test chamber at a rate of 10 mL/h. 
3. Results and discussion 
3.1. Surface topography and microstructure of samples 
The surface roughness was first measured by means 
of optical profilometry. Values of Rz = 1.8 r 0.2 μm and 
1.6 r 0.3 μm were found after machining and after 
PMTT at 450 °C for 2 hours, respectively. Therefore, Rz 
was not affected by PMTT. Changes observed in the 
corrosion behavior of samples could not be attributed to 
changes in surface roughness. 
Previous study [25] showed that pure copper showing 
a shear-type texture after machining underwent 
recrystallization in a small volume close to the surface. 
To determine if this process occurred under the selected 
machining conditions, the pole figure was determined on 
the machined surface (Fig. 1(a)). A shear-type texture 
was clearly identified, suggesting that recrystallization 
occurred. The values of the ODFmax and the texture 
index F2 were derived from the pole figure. Values of 
131 and 15.6 were respectively found. Therefore, the 
sample was significantly textured after machining.  
 
 
 
 
 
 
 
 
 
Fig. 1. Pole figures of (a) the surface after machining and (b) the 
material bulk after mechanical polishing (cross-section surface). They 
were determined on {1 1 1} by means of XRD measurements. 
 
By comparison, Fig. 1(b) shows the pole figure of the 
material bulk. It was determined on a cross-section 
 
(a) 
(b) 
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surface far from the machined surface. This pole figure 
does not show the shear-type texture. TEM analysis will 
be performed on the machined surface to confirm that 
recrystallization occurred. 
Cross-section observations after machining (Fig. 2(a)) 
revealed that the thickness of the recrystallized layer was 
17 r 4 μm (measured in 8 different points). The size of 
the grains present in this type of layer is in the 
nanometer range [25]. TEM analysis is planned to 
determine quantitatively the grain size near the 
machined surface. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Specimen microstructure near the surface: (a) after machining, 
(b) after PMTT at 350 °C for 1 h and (c) after PMTT at 450 °C for 2 h. 
The grain size increased near the surface after 
PMTT. It was found to be in the micrometer range for 
the two PMTT conditions, as shown in Fig. 2(b)-(c). 
Previous study [22] revealed that the crystallographic 
texture (even the shear-type texture) had nearly no 
influence on the percentage of oxidized surface. By 
contrast, one may assume that changes in the grain size 
may have significant impact on the corrosion behavior of 
samples. 
3.2. Mechanical behavior of samples 
Fig. 3 shows the evolution of the microhardness vs. 
depth for the three sets of samples. In the absence of 
PMTT (grey symbols), a large gradient was observed 
over a distance of roughly 250 μm. In the close vicinity 
of the machined surface, the hardness value increased up 
to a value close to 250 HV. This increase was induced 
by both the presence of nano-grains in a small volume 
near the surface and plastic deformation in a larger 
volume in depth (with a higher density of dislocations). 
After applying PMTT at 350 °C for 1 hour (black 
symbols), the gradient extended over a shorter distance 
(of about 100 μm), but the hardness value near the 
surface was roughly the same as that after machining. 
Strengthening observed near the surface was due to 
plastic deformation. Therefore, a high density of 
dislocations certainly exists near the surface after PMTT 
at 350 °C for 1 hour. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Evolution of the microhardness in a volume close to the surface. 
After applying PMTT at 450 °C for 2 hours (open 
symbols in Fig. 3), nearly no gradients were detected, 
indicating that residual stresses induced by machining 
were completely relaxed. Values between 130 and 140 
HV were found from the surface down to a depth of 250 
μm. In this case, no concentration of dislocations may be 
detected near the surface. This assumption will be 
confirmed by TEM analysis. 
To summarize, previous investigations showed that 
nano-grains are present near the surface after machining, 
micro-grains with a high density of dislocations certainly 
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exist after PMMT at 350 °C for 1 hour, and micro-grains 
with a low density of dislocations exist after PMMT at 
450 °C for 2 hours. 
3.3. Corrosion behavior of samples 
All the samples were then exposed to the salt-fog 
generated from 0.1 M NaCl for 1500 hours. Droplets of 
various diameters were formed at the sample surface, 
leading to local environmental degradation. Fig. 4 shows 
the evolution of the percentage of oxidized surface as a 
function of the exposure time. The method used to 
calculate the percentage of oxidized surface was detailed 
in [22]. Similar evolution was found on the two identical 
samples located at different places in the chamber. This 
validated the adopted methodology and the obtained 
results. 
All the samples started to be oxidized after roughly 
100 hours (Fig. 4). This indicated that mechanisms of 
passivity breakdown were not affected by PMTT. 
Previous study [22] revealed that oxidation led to the 
formation of a mixture of paratacamite and atacamite 
(green parts in Fig. 5). After 1500 hours of exposure, the 
percentage of oxidized surface varied significantly: 
between 2-3% after PMTT at 450 °C for 2 hours, around 
4% after machining and between 7-9% after PMTT at 
350 °C for 1 hour. Considering the dispersion found on 
the identical samples, such difference was significant. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Evolution of the percentage of oxidized surface vs. exposure 
time for the three sets of samples. The salt fog atmosphere was 
generated from 0.1M NaCl at a rate of 9 mL/h. 
The highest percentage of oxidized surface was found on 
the sample after PMMT at 350 °C for 1 hour. 
Therefore, the corrosion susceptibility was sharply 
increased with increasing the density of dislocations near 
the surface.On the other hand, the sample with nano-
grains near the surface (sample after machining in Fig. 
4) exhibited slightly higher corrosion susceptibility than 
the sample with micro-grains (sample after PMMT at 
450 °C for 2 hours). This may be explained by the fact 
that the density of grain boundaries which may be 
precursor sites for pitting corrosion was higher in the 
presence of nano-grains. 
Therefore, the corrosion behaviour of copper was 
affected by the presence near the surface of a high 
density of grain boundaries (in the presence of nano-
grains generated during machining) or dislocations 
(formed during PMTT at 350 °C for 1 hour). The density 
of dislocations seems to be the critical parameter leading 
to a sharp increase of the percentage of oxidized surface. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Optical micrograph of two samples after corrosion test for 1174 
hours: PMTT performed at (a) 350 °C for 1 hour and (b) 450 °C for 2 
hours. 
Previous study [22] showed that severe damages were 
found under paratacamite/atacamite. SEM observations 
revealed that general dissolution occurred under 
corrosion products. 
4. Conclusion 
The influence of a post-machining thermal treatment 
(PMTT) on the corrosion behaviour of copper in a salt 
fog atmosphere was investigated. The following 
conclusions can be drawn: 
1) Nano-grains can be present near the surface after 
machining, micro-grains with a high density of 
dislocations certainly exist after PMMT at 350 °C for 1 
hour, and micro-grains with a low density of dislocations 
exist after PMMT at 450 °C for 2 hours. 
2) The corrosion behaviour of copper was affected by 
the presence of a high density of grain boundaries 
(formation of nano-grains during machining) or 
dislocations (PMTT at 350 °C for 1 hour).  
3) The density of dislocations seems to be the critical 
parameter leading to a sharp increase of the percentage 
of oxidized surface. 
These results showed that it is possible to find PMTT 
conditions to cancel changes induced by machining and 
to increase the corrosion resistance of the machined 
workpiece. However, PMTT conditions must be selected 
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carefully. Indeed, wrong conditions can lead to a 
significant increase of the corrosion susceptibility of the 
machined workpiece. 
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